This paper presents an innovative Plasma Aerodynamic Control Effectors (PACE) concept for improved performance of wind turbines. The concept is aimed towards the design of "smart" wind turbine blades with integrated sensor-actuator-controller modules to improve the performance of wind turbines. The system will be designed to enhance energy capture, and reduce aerodynamic loading and noise by way of virtual aerodynamic shaping. Virtual shaping is the modification of the flow field around the surface by means of flow control (plasma actuators), which results in flow changes as if the geometry itself is altered. In effect the flow control scheme is giving the designer the capability to change the effective pitch distribution across the turbine blade as needed to control blade loading. The present concept is based on the use of surface-mountable, single dielectric barrier discharge (SDBD) plasma actuators on the turbine blades for increased energy capture and noise reduction. The system will allow continuous operation of wind turbines at near optimal conditions (as close as possible to the rated power coefficient) using a smart/adaptive PACE system in both steady and unsteady conditions (wind gusts, varying wind speeds, etc.), thereby ensuring safety and optimal power capture for electricity conversion. Experimental data and computational model results are presented that show the feasibility of using plasma flow actuators to control the aerodynamic characteristics of selected wind turbine airfoil sections. Two airfoil profiles designed for wind turbine applications were selected for this study. These were the S827 and the S822 profiles. The S827 airfoil was used to examine circulation control to increase the effective camber, and leading-edge separation control to increase C lmax . The S822 airfoil was used to demonstrate geometric changes that promote local flow separations that can be manipulated by plasma actuators to control lift. Both these approaches produced controlled changes in the lift coefficients on the airfoils that were equivalent to a trailing-edge flap or a leading-edge slat, but without conventional moving surfaces.
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I. Introduction
The recognition of the value of wind energy as a low cost, clean source for electricity is creating new business opportunities for manufacturing and materials innovation. Worldwide growth in wind power generation since 1994 has been 30% or higher annually.
1 However, the wind power industry must still make substantial reductions in the cost per kilowatt hour to become competitive with fossil powered generating technologies. This can only come by improving wind turbine efficiency over a wider range of wind conditions and lowering construction costs. The cost of producing electricity from wind power is a function of the acquisition cost of the wind turbine system, lease or land purchase for the wind farm, transmission requirements to connect to the power grid, maintenance, and the amount of time the wind conditions are within the operational range of the wind turbine system. Each new generation wind turbine design has exploited improved technologies in blade aerodynamics, materials, controls, and generator innovations to lower system cost and expand the operational hours of the turbine per year.
These technologies all help in lowering the systems life cycle costs. In the 1970s most horizontal axis wind turbines (HAWTs) used airfoils designed by the National Advisory Committee for Aeronautics (NACA) that were designed for the aviation industry. NACA airfoils were designed for airplanes that operate in a Reynolds number range much higher than that experienced by wind turbine blades. When such airfoils are used at lower Reynolds numbers the airfoils suffered severe performance degradation from leading edge roughness contamination due to insect impact, or airborne pollutants. Tangler and Somers 2 discuss the evolution of airfoils used by the wind power industry. The aerodynamic performance loss using the NACA airfoil sections resulted in significant annual energy losses for wind turbines using these airfoils in their blade design. In the mid 1980s the National Renewable Energy Laboratory (NREL) as well as European research centers sponsored the development of a new family of airfoil sections designed to meet the needs of stall, variable pitch and variable rpm regulated wind turbines. Tangler and Somers 2 estimated that using the NREL airfoils would achieve annual energy improvements for stall, variable pitch, and variable rpm regulated wind turbines of (23-35%), (8-20%) , and (8-10%), respectively.
The control of blade loading on large wind turbines also changed markedly in the last twenty years. Until the 1990s most wind turbines were designed to control blade loading and power output using a passive control strategy of controlling the power output and rotor speed by stall regulation. In a stall regulated turbine as the wind speed increases the blades begin to stall. The increased drag makes the turbine less efficient thereby regulating the power extraction of the turbine. The large wind turbines designed in the 1990s use active control to regulate rotor speed and power output by controlling the blade pitch angle of the turbine blades. Having the ability to control the blade pitch allowed for more efficient operation and blade load control. In addition the use of active load control permitted designers the option to use lighter weight turbine blades.
The challenging issues facing the wind turbine designer include; regulation of the power output in high winds, providing a steady power output with time, and alleviation of large transient blade loadings. We believe that plasma flow control technology 3 offers the potential of improving wind turbine performance by expanding the operating wind range, controlling unsteady blade loadings, increasing blade fatigue life and reducing the noise of the wind turbine system. These benefits can be used to expand the operational time the wind turbine can be generating electricity. Increasing operational time allows more revenue to be generated by the turbine system and makes the machine more cost competitive with other electric generating technologies.
The most promising technology for making additional improvements in the control of blade aerodynamic loading is by applying active flow control technology in a distributed manner across each blade. A system incorporating active flow control technology is one that includes flow actuators, flow sensors and control logic to use the sensor information on the state of the flow (separated or attached) and section loading to drive flow actuators to achieve a desired performance benefit. While there are a variety of flow control devices that could be used on a wind turbine; for example micro tabs, suction, blowing, synthetic jets and variable cambered airfoils using shaped memory materials, we believe that the dielectric barrier discharge (DBD) plasma actuator offers the greatest promise for wind turbine flow control.
Plasma enhanced aerodynamics using single-dielectric barrier discharge (SDBD) "plasma actuators" has been demonstrated in a range of applications involving separation control, lift enhancement, drag reduction and flight control without moving surfaces. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These actuators consists of thin electrodes separated by a dielectric insulator. One of the electrodes is typically exposed to the air. The other electrode is fully covered by a dielectric material. A schematic illustration is shown in Figure 1 . A high voltage ac potential is supplied to the electrodes. When the ac amplitude is large enough, the air ionizes in the region of the largest electric potential. This generally begins at the edge of the electrode that is exposed to the air, and spreads out over the area projected by the covered electrode. The ionized air (plasma) in the presence of the electric field produced by the electrodes results in a body force on the ambient air. Details of the physics and mechanism of the plasma actuator are provided by Enloe et al. 16, 17 Corke et al. 3 provide a recent general review of SDBD plasma actuators. DBD plasma actuators have a number of distinct advantages over other active flow control devices. Some of the advantages of using DBD plasma actuators for flow control on a wind turbine blade include the following:
• The actuators are fully electronic with no moving parts,
• They can withstand high force loadings,
• They can be laminated into the turbine blade surface,
• No slots or cavities are required,
• Actuators can be operated in both steady and unsteady modes,
• Actuators have high bandwidth so they have fast response for feedback control,
• They have low power consumption (2-4 Watts per foot for unsteady operation)
The body force vector can be tailored through the design of the electrode arrangement. Turbulent separation control can be achieved either by the injection of high momentum fluid, or by circulating high momentum fluid in the free-stream or outer part of the boundary layer towards the wall. The spanwise electrode arrangement which is often used in laminar separation control, provides the former approach. The body force generated by this arrangement accelerates fluid towards the separation location to overcome the adverse pressure gradient. To enhance boundary layer mixing, a streamwise electrode arrangement was designed in order to generate a pair of counter-rotating vortices that are intended to circulate high momentum fluid from outer part of the boundary layer towards the wall to delay or suppress flow separation.
In addition to the experimental use of the plasma actuators, models for the space-time evolution of the plasma generation over the actuator, and a first-principle formulation for the body force produced by the plasma on the ambient flow, have been implemented in numerical flow solvers. [18] [19] [20] These have produced excellent agreement with experiments on leading-edge separation control in both steady and unsteady cases. Their purpose is to provide simulations that can be used in optimizing the design and placement of plasma actuators for different applications of flow control, for example like wind turbine blades, to enhance aerodynamic performance.
The further improvement in wind turbine aerodynamics and control will require active control technology to create a "smart" turbine blade. The most commonly used devices for controlling aerodynamic loading are leading edge flaps or slats and trailing edge flaps. Figure 2 shows the aerodynamic changes created by each mechanical device. The leading edge flap or slat extends the lift curve thereby increasing the maximum lift coefficient, C lmax , and stall angle. A trailing edge flap changes the effective camber of the airfoil and shifts the zero-lift angle of attack to negative or positive values depending on the direction of the flap (positive or negative) deflection. The trailing edge flap is well suited for controlling the lift on any lifting surface and can be thought of as a "direct lift controller". Trailing edge flaps have also been examined for wind turbine control applications. 21, 22 While these studies showed that trailing edge flaps were effective in controlling the power output and providing blade load mitigation, the major disadvantage of mechanical flaps is their complexity, added structural weight (linkages, support structure, actuators, etc.) and additional maintenance. The disadvantages of mechanical flaps could be avoided if flow control devices without moving surfaces, like the plasma actuators, were used. In the following section we will highlight the potential benefits of active flow control technology in the form of plasma flow actuators for wind turbine applications. 
A. Smart Turbine Blade Concept
New wind turbine designs include the capability of changing the blade pitch to improve energy extraction. In a steady wind condition, the power extracted can be achieved by optimizing the blade pitch angle by rotating the blade within the turbine hub. Further improvements in performance can be achieved by controlling each blade individually. In this control scheme, the entire blade is rotated to obtain the best power extraction for the given wind conditions. While this is an improvement over a fixed pitch blade, the blade can still experience regions of stall and unsteady loading during each rotation. To achieve an optimum performance improvement in a velocity field that varies both spatially and temporally across the blade, one would need to be able to adjust the local blade pitch angle across the turbine blade. The distribution of active flow control can be used to optimize the wind power extraction of the system and to moderate the blade loading across the span of the blade.
In unsteady wind conditions, the problem is one where the local spanwise pitch needs to be changed. Distributed flow control permits local aerodynamic load control that is equivalent to an effective local pitch angle change. The change in the flow field gives rise to what we call virtual shaping of the airfoil section. Virtual shaping is the modification of the flow field around the surface by means of flow control (plasma actuators), which results in flow changes as if the geometry itself is altered. By incorporating the distributed flow actuators, sensors with the appropriate control logic one can envision the possibility that multiple control objectives could be accomplished. Figure 3 is a sketch showing a simple arrangement of plasma actuators distributed near the leading edge and trailing edge. The basic idea is to divide the blade into regions that can be individually controlled. The spacing of actuators and number of sections would be determined by the desired control function. The virtual trailing edge flap actuators would be located on both upper and lower surface of the airfoil section. A paper by G. van Kuik, T. Barlas, and G. van Bussel 23 outlined the need for improved blade control concepts for the next generation of large wind turbine designs that are expected to enter service in the year 2020. They presented an overview of various control technologies that could be used to design a smart turbine blade. A truly smart turbine blade would use distributed sensors, flow control actuators and a supervisory controller to select the appropriate control logic for using the flow actuators. The supervisory controller would select different control logic depending on the needed control, i.e., blade loading control, blade stall prevention, or braking torque for emergency shut down. The point here is that distributed control gives the designer the potential for optimally controlling a variety of wind turbine control tasks. Table 1 provides a summary of some of the potential benefits afforded by distributed plasma flow actuators.
In the following sections we will presents results of active flow control experiments using SDBD plasma Controlling transient blade loading lowers blade root bending moment transients. This will improve turbine blade fatigue life and allows operation over a wider range of wind conditions. Distributed Virtual Plasma Flaps can be used to control rotor speed.
Emergency shut down requires redundant control capability. Virtual slats and flaps could be used to help brake the turbine by provide braking torque. This will provide greater control flexibility. Distributed Virtual Plasma Flaps can allow larger span turbine blades.
Turbine blades of greater span can be designed if load control is available to attenuate transient blade loading due to unsteady wind conditions. Increasing blade span permits greater energy extraction. Wind turbine spacing is governed by wake flow interference between wind turbines in the wind farm. Distributed Virtual Plasma Flaps may allow more efficient turbine performance from down wind turbines Virtual Plasma Flaps can allow improved energy extraction from down wind turbines by optimizing the aerodynamic loads across the blades. May allow more wind turbine to be placed on a given track of land than is currently possible. Distributed Virtual Plasma Slats can control C lmax that will allow improved performance on stall regulated wind turbines. It may also be useful in turbine startup.
Virtual Plasma Slats could be used to control blade section C lmax .
actuators on airfoil sections that are typical of wind turbines. These are intended to demonstrate their potential for distributed dynamic active lift control.
II. Experimental Setup
The objective of the experimental study was to demonstrate the feasibility of incorporating the Plasma Aerodynamic Control Effectors (PACE) system for improving wind turbine performance and control. The experiments were conducted in a subsonic wind tunnel at the Center for Flow Physics and Control at the University of Notre Dame. The wind tunnel used was a low turbulence, in-draft (open-return) design. The test section has a square cross-section of 2 ft x 2 ft (0.61 m x 0.61 m) and a test section length of 6 ft (1.8 m). The tunnel is capable of producing velocities in a range of 5 to 35 m/sec, with a turbulence level of 0.08% over the velocity range.
The airfoil models were mounted vertically by way of a sting connected to a lift and drag force balance located on the top of the test section. End-plates were mounted to the test section ceiling and floor to produce approximately two dimensional flow over the airfoil. The end-plates were secured to the walls of the test section and were separated from the airfoil by a small gap. A schematic of the force balance and test section is shown in Figure 4 .
Two airfoil profiles designed for wind turbine applications were selected for this study. These were the S827 24 and the S822 25 profiles. The section shape for the S827 airfoil is shown in Figure 5 . The section shape for the S822 is shown in Figure 6 , where the solid curve is the baseline shape and the dashed curve shows the shape as modified to add flow separation ramps at the trailing edge.
III. Experimental Results
Experiments were performed on both airfoil shapes to determine the effect of placing DBD plasma actuators in different configurations and locations on the lift and drag. The objectives for the two profile shapes were different. For the S827 section shape, the objective was to use steady plasma actuators that have been shown to provide circulation control that is equivalent to increasing the effective camber.
10, 28, 29
For the S822 section shape, the objective was to modify the profile to produce flow separation ramps that could be manipulated by the plasma actuators to produce different pressure distributions near the trailing edge. The advantage of this approach is that it can be accomplished with unsteady plasma actuators that can potentially use only 10% of the power of the steady plasma actuators.
The airfoils were cast from molds that were machined using a numerically controlled milling machine. The casting material consisted of a two-part epoxy that was mixed with micro-glass spheres. The resulting airfoils were extremely rigid, with a smooth hard surface. The chord length of the S827 airfoil was 29.9 cm (11.75 in). The chord length of the S822 airfoil was slightly larger at 30 cm (12.2 in).
A. S827 Profile
Both spanwise and streamwise plasma actuator configurations were investigated in this study. The spanwise plasma actuator configuration was based on the asymmetric configuration that was shown in Figure 1 . The electrodes were made from 0.0254 mm thick copper foil tape. The dielectric material was 6.4 mm (0.25 in) thick Teflon sheet. The Teflon was recessed into the airfoil so that the exposed surface was flush with the surface of the airfoil. The edges of the electrodes were aligned in the spanwise direction. They were overlapped by a small amount (of the order of 1 mm), in order to ensure a uniform plasma in the full spanwise direction. The junction of the exposed electrode and the covered electrode was placed at x/C = 0.78.
The experiments were conducted at a 20 m/s free-stream speed. This gave a chord Reynolds number of 0.404 × 10
6 . The actuator ran in steady operation. The frequency of the ac voltage supplied to the electrodes was approximately 2.3 kHz. The precise frequency was tuned to maximize the body force and minimize ohmic heating. 20 The actuator ac waveform was a saw-tooth wave, which has been shown to produce the maximum body force. 16 The ac voltage amplitude to the electrodes was 35 kV p−p . Figure 7 shows the lift coefficient versus angle of attack for the baseline S827 airfoil and with the DBD plasma actuator at x/C = 0.78 operating. The range of angles of attack corresponds to the linear range of C l versus α. The baseline values correspond to the open circles. The solid line through these points corresponds to a best-fit straight line. The slope of the line is approximately 0.11
• −1 which agrees with linear theory. The plasma actuator was designed to induce a wall jet in the mean flow direction. This had previously been shown 10 to increase the lift at a given angle of attack that was similar to increasing the airfoil camber or, the positive deflection of a plane trailing-edge flap. The lift coefficient versus angle of attack for the S827 with the plasma actuator on is shown in as the triangles in Figure 7 . The dashed line corresponds to a best-fit straight line through these points. The slope, dC l /dα, is approximately the same as the baseline, as we expect based on simulations to be discussed in a later section. In this case we note a positive shift in the lift coefficient of approximately ∆C l = 0.08. This corresponds to a change in the equivalent angle of attack of approximately ∆α = 0.7
• . This is equivalent to a 2 • deflection of a plane flap having a C f /C = 0.10.
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As mentioned earlier, such flaps are sometimes used for lift control, 21, 22 however they add complexity and weight to the rotor. A trailing edge plasma actuator for lift control has the advantage of adding insignificant weight as well as having faster response for dynamic gust control.
The trailing-edge control was intended for the linear C l versus α range of angles of attack. However, it is possible to apply them near the leading edge of the airfoil to increase the stall angle of attack and increase C lmax . We have generally done this using spanwise oriented electrodes like the trailing-edge actuator just presented (see for example Post 7, 8 ). However, we 31, 32 recently have used plasma actuators that were designed to act as streamwise vortex generators. These are intended to mimic the effect of delta-shaped tabs by generating streamwise-oriented counter-rotating vortices.
A schematic illustration and photograph of the streamwise plasma actuators near the airfoil leading edge and operating in a darkened lab are shown in Figure 8 . The covered electrode ran across most of the span of the airfoil model. The streamwise dimension of the covered electrode was 5 cm (2 in). It was positioned between 0 ≤ x/C ≤ 0.2. The material used for the dielectric layer in this case was 0.15 mm thick (0.006 in) Kapton film. The spanwise spacing (z) between the exposed electrodes is an important parameter to optimize their effect. 31, 32 The spacing used in this experiment at the leading edge was 1.27 cm (0.5 in). This should scale with the boundary layer thickness at the chordwise location where the streamwise vortex generating plasma actuators are placed.
The effect of the streamwise vortex generating plasma actuators on the lift characteristics of the airfoil at near-stall angles of attack are shown in Figure 9 . The conditions for these measurements are identical to those with the trailing-edge actuator. As before, the baseline values correspond to the open circles. The solid line through these points corresponds to a smooth spline that was added to guide the eye. The 13
• angle of attack was the highest that could be achieved because of violent shaking of the model due to unsteady loads produced near stall of the airfoil.
The triangle symbols correspond to the results with the streamwise vortex generating plasma actuators. The dashed curve corresponds to a smooth spline that again is intended to guide the eye. The leadingedge plasma actuators increased the lift coefficient for larger angles of attack greater than 11
• . In addition, it significantly extended the stall angle of attack, which allowed measurements well beyond the 13
• limit encountered with the baseline airfoil. Figure 9 . Comparison of lift versus angle of attack for baseline S827, and with streamwise oriented plasma actuators covering 0 ≤ x/C ≤ 0.2 designed to produce counter-rotating streamwise vortices. Note α = 13 • was limit for baseline measurements due to violent shaking of model at higher angles of attack.
B. S822 Profile
For the S822 section shape, the objective was to modify the baseline section shape to produce flow separation ramps that could be manipulated by the plasma actuators to produce different pressure distributions near the trailing edge. The motivation for this approach was that it could provide lift control with unsteady plasma actuators that could potentially use only 10% of the power of the steady plasma actuators used for lift control.
The baseline and modified section shapes were shown in Figure 6 . The chord length was 0.3 m (12 in.). The ramp sections were linear cuts having angles of 15
• with respect to a line tangent to the surface at the airfoil maximum thickness point. The beginning of the ramp on the suction side (upper surface in the representation in Figure 6 ) was at x/C = 0.64. On the pressure side of the airfoil, the ramp began at x/C = 0.75. The addition of the ramps required a slight flattening of airfoil profile near the maximum thickness location. This was done so that the overall length of the airfoil would remain the same as the baseline. A more dramatic flattening of the pressure side (lower surface) of the airfoil was needed to accomplish the addition of the ramp. The addition of these ramps was in no means optimized. The intention was to insure that the flow would separate at the trailing edge for the range of angles of attack where the baseline airfoil produced positive lift.
The experiments with the S822 airfoil were conducted at a free-stream speed of 14.5 m/s, which corresponded to R c = 0.303 × 10 6 . The lift characteristic for the baseline S822 airfoil and the effect of the passive ramps are documented in Figure 10 . The baseline S822 airfoil (circle symbols) has a well defined linear C l versus α region. The solid line in the plot corresponds to a best linear fit through this region. The slope is approximately 0.11
• −1 which we expect from linear airfoil theory. As opposed to the S827 airfoil, we were able to include angles of attack through stall without violent vibrations. The S822 exhibits a well defined stall angle of attack of 16 • which is followed by a relatively fast drop off in lift. The lift versus angle of attack for the modified S822 is shown by the triangle symbols in Figure 10 . The dashed line through the points is a spline curve that is intended to guide the eye. At lower angles of attack, the lift coefficients fall below the baseline values. The amount that it falls below varies with angle of attack, with maximum deviations occurring at approximately α = 3
• and 11
• . At these angles of attack, the difference between the baseline and modified lift coefficients is approximately ∆C l = 0.4.
Suction-side Ramp
Flow visualization was performed to verify that the flow was separated over the suction-side ramp. A sample flow visualization record is shown in the top photograph in Figure 11 . The flow visualization was performed by introducing a sheet of particle streak lines upstream of the airfoil. The sheet is perpendicular to the airfoil surface. The sheet of particles was illuminated using a 5 W Argon laser whose coherent beam was passed through a cylindrical lens to produce a thin sheet of light. The light sheet illuminated the mid-span location of the airfoil as illustrated in the right half of Figure 11 .
The top image in Figure 11 documents the flow over the suction-side separation ramp with the airfoil at α = 3
• , which is where one of the maximum deviations occurred in C l between the baseline and modified S822 airfoils. The flow visualization at this condition reveals a large separation bubble over the separation ramp.
A spanwise-oriented plasma actuator with an asymmetric electrode arrangement like that illustrated in Figure 1 was used to control the flow separation over the ramp. This actuator design was identical to that used at the trailing edge of the S827 airfoil for circulation control. In this case, the actuator was located just upstream of the separation ramp. In addition, the actuator was periodically turned on and off at a frequency, f . The frequency was chosen so that f C r /U ∞ = 1, where C r is the chord length of the ramp. This frequency scaling based on the separation length and free-stream velocity has been shown to be optimum for separation control. 6 This was accomplished by turning the ac input to the plasma actuator ON and OFF in a square-wave fashion. For this, a 12.5% ON duty cycle was found to be sufficient to re-attach the flow.
The bottom image in Figure 11 documents the flow over the ramp with the plasma actuator ON. This indicates a complete re-attachment of the flow. The effect of the plasma actuator on the lift characteristics of the modified S822 airfoil are documented in Figure 12 . This shows the lift coefficient versus angle of attack for the baseline airfoil (circles), the modified airfoil (dashed curve), and the modified airfoil with the plasma actuator re-attaching the flow over the ramp on the suction side of the airfoil (triangles). With the actuator operating, the lift in the region −3
• , the lift characteristics of the baseline airfoil are recovered with the plasma actuator. Above α = 7
• , the separation control over the trailing-edge ramp had no effect. Flow visualization in this case indicated that the flow was separated at the airfoil leading edge. Therefore the addition of leading-edge plasma actuators similar to that used in with the S827 could be used here to improve the lift characteristics at the larger angles of attack.
The advantage of the modified S822 for lift control is that it provided approximately 5 times the change in lift over a range of angles of attack compared to the circulation control used for the S827 airfoil. In addition, it accomplished this with approximately 10% of the actuator power.
Pressure-side Ramp
In some wind turbine applications there is a desire to reduce the lift on the rotors. This is generally the case when the wind speeds are excessive and could lead to damage to the rotor blades. The separation ramp on the pressure side of the modified S822 airfoil was intended for this application.
The effect of the separation control of the pressure-side ramp of the modified S822 airfoil is documented in Figure 13 . This shows the lift coefficient versus angle of attack for the three cases corresponding to the passive modified S822 airfoil (dashed curve), the modified S822 with plasma actuator operating at the suction-side separation ramp alone (triangles), and the modified S822 with plasma actuator operating at the pressure-side separation ramp alone (circles). The data for the passive modified S822 airfoil and the case with the plasma actuator operating at the suction-side separation ramp are same as that presented in Figure 12 . These were included for reference in the smaller highlighted range of angles of attack displayed in the figure. In contrast to the suction-side flow control which increases the lift coefficient when the flow is attached, the flow control on the pressure side decreases the lift coefficient when the flow is attached over the ramp. At α = 1
• , the change in the lift coefficient was approximately -0.4, which was comparable to the positive change in the lift coefficient achieved with the suction-side ramp control. The combination of these two gives a great deal of flexibility to tailor the lift over a range of angles of attack. Figure 13 . Comparison of lift versus angle of attack for the passive modified S822 airfoil (dashed curve), the modified S822 with plasma actuator operating at the suction-side separation ramp alone (triangles), and the modified S822 with plasma actuator operating at the pressure-side separation ramp alone (circles).
IV. Discussion
For the modified S822 airfoil, it needs to be re-emphasized that the addition of the separation ramps was not optimized in any sense. The general concept was to produce a flow separation near the trailing edge that could be manipulated with the plasma actuator. This approach was first tried by us 26 on an HSNLF(1)-0213 (natural laminar flow) airfoil, which has a concave trailing-edge section where a separation bubble forms. A more general approach is to design airfoil section shapes that are optimized to be highly receptive to flow control for lift control without moving surfaces. An example of that approach was presented by Nelson et al.
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In the present approach, it can be argued that the best that the plasma actuator could do on the modified S822 airfoil was to recover the lift coefficients of the baseline shape. In itself this could be useful if the objective is to moderate the spanwise lift distribution on a wind turbine blade to maintain a spanwiseuniform aerodynamic loading. However, with the combination of a leading-edge plasma actuator, it may have been possible to improve the overall performance of the modified S822 beyond the baseline.
Although the addition of a separation ramp looks promising for lift control on airfoils used in wind turbines, circulation control demonstrated with the S827 airfoil has some unique advantages as well. The experiment placed a single spanwise plasma actuator at x/C = 0.78. Hall 28, 29 examined the effect of the chord location of a plasma actuator on the enhanced lift it produced. This involved an inviscid simulation in which the effect of the plasma actuator was modeled as a doublet (source-sink combination). In the simulation, the doublet strength was fixed and determined by comparison to an experiment. Hall verified that based on one comparison experiment at one angle of attack and actuator input voltage, the simulation agreed with the lift over a range of angles of attack for the same and different free-stream speeds. This simulation only applies to thin airfoils in the linear C l versus α range where no flow separation is present. Figures 14 and 15 are from Hall 28, 29 and were based on a NACA 0015 airfoil. Although these are different section shapes than those examined in this paper, the fundamental physics is expected to be the same. Figure 14 shows the change in the lift coefficient multiplied by the square of the free-stream speed, versus the angle of attack and x/C location of a single plasma actuator. For a given angle of attack, the change in the lift increases as the actuator moves towards the trailing edge. An actuator placed near the leading edge is slightly less effective with increasing angles of attack, although angle of attack sensitivity decreases as the actuator moves towards the trailing edge. Figure 15 shows the change in the lift coefficient for a free-stream speed of 20 m/s (the value used in the present experiments with the S827 airfoil where this analysis applies) for different actuator locations and angles of attack. In the present experiment, the actuator was placed at x/C = 0.78. For the input voltage used, this produced a ∆C l = 0.08. According to Figure 15 at this chord location, the effect of angle of attack on ∆C l is minimal. The value of ∆C l in the present experiment was approximately 2.7 times that given by Hall. However, the plasma actuator used in determining the doublet strength produced a significantly lower body force (see Iqbal 33 ) by an amount that corresponded to the ratio of ∆C l values. If we were to simply re-scale ∆C l values in Figure 15 it would provide an indication of the effect of the present plasma actuator for lift control.
Since the effect of multiple plasma actuators is additive, Figure 15 provides a guide for digital lift control of the turbine rotor airfoil sections. For example if an actuator of present design located at x/C = 0.9 were operated simultaneously with the one at x/C = 0.78, the combined lift enhancement is predicted to be ∆C l = 0.08 + 0.99 = 0.18. If another actuator is added at x/C = 0.6, the total ∆C l = 0.23. The total lift enhancement produced by three plasma actuators operating simultaneously would provide the equivalent of a 5.5
• flap deflection of a trailing-edge flap with C f /C = 0.1. The digital control comes by operating multiple numbers of actuators in different combinations to generate discrete changes in lift in response to dynamically changing conditions. This is the premise behind the PACE rotor concept that was shown in Figure 3 . 
V. Conclusions
SDBD plasma actuators were demonstrated in experiments to provide lift control on two wind turbine blade section shapes designated S827 and S822. For the S822 section shape, the objective was to modify the baseline section shape to produce flow separation ramps that could be manipulated by the plasma actuators to produce different pressure distributions near the trailing edge, and thereby control the overall lift. The ramp sections were linear cuts having angles of 15
• with respect to a line tangent to the surface at the airfoil maximum thickness point. The overall length of the airfoil would remain the same as the baseline.
Without separation control at the ramps, the lift distribution with angle of attack of the modified S822 airfoil fell below the baseline values. The maximum deviations occurring at approximately α = 3
• . The deviation at the smaller angles of attack were due to the flow separation over the ramps. At the higher angles of attack, the deviations were due to a premature leading edge separation. The plasma actuator could recover the lost lift at the lower angles of attack between −3
• ≤ α ≤ 3
• . In this range, the maximum change in lift between having the plasma actuator on and off was approximately ∆C l = 0.4. This is equivalent to a 10
• deflection of a plane trailing-edge flap with a C f /C = 0.1. This was performed with a periodically pulsed plasma actuator which reduced the power to the actuator by 90% over steady operation used for lift control based on circulation control. For the S827 section shape, the objective was to use steady plasma actuators for circulation control that has been shown to be equivalent to increasing the effective camber of 2-D airfoil sections. A single plasma actuator at x/C = 0.78 was investigated. The actuator resulted in a positive shift in the lift coefficient of approximately ∆C l = 0.08. This corresponded to a change in the equivalent angle of attack of approximately ∆α = 0.7
• , which was equivalent to a 2 • deflection of a plane flap having a C f /C = 0.10. The real potential of this approach is in using multiple plasma actuators at different x/C locations. The effect of each of these actuators strongly depends on their chord locations and weakly depends on angle of attack. However their effect adds linearly so that for the conditions used in the experiments reported here, three actuators at x/C = 0.6, 0.78 and 0.9 would produce the equivalent of 5.5
• flap deflection of a trailing-edge flap with C f /C = 0.1, or approximately 2.75 times larger than with the single actuator at x/C = 0.78.
The use of multiple actuators distributed at different chord location on the airfoil beautifully lends itself to digital control that would produce discrete changes in lift in response to dynamically changing rotor wind conditions. This is the basis for the Plasma Aerodynamic Control Effectors (PACE) system for improving wind turbine performance and control.
